We aimed to determine the inter-rater reliability, prognostic utility, and construct validity of the modified Majoie endo- 
In children, the 10-year LT-free survival is 70%, (2) and in adults, the median time to LT is 13-15 years at tertiary centers. (3, 4) PSC is also associated with an increased risk of hepatobiliary and colorectal cancer, particularly in adults.
(1) For these reasons, PSC represents an important source of morbidity and mortality in adult and pediatric populations.
To date, no medical therapy has been shown to alter the natural history of PSC. PSC is both rare and slowly progressive. As a result, therapeutic clinical trials with sufficiently long follow-up to capture "hard" outcomes, like LT or death, present feasibility challenges, especially in children. Surrogate markers are therefore critical. One of the greatest limitations in the study of PSC is precisely the lack of surrogate markers that correlate closely with clinically meaningful outcomes. Several biomarkers and clinical scores have been evaluated, but all thus far have important limitations. Serum alkaline phosphatase (ALP) is widely used in adults but is neither sensitive nor specific. The PSC Mayo risk score (MRS), a composite of laboratory parameters, age, and history of variceal bleeding, is also frequently used in adult studies but has been validated only for short-term outcomes. Furthermore, both ALP and the MRS have been observed to correlate poorly with outcomes in a randomized controlled trial setting. (5) In children, ALP is unreliable given fluctuations with bone growth. Gamma-glutamyl transferase (GGT) has shown potential promise in the pediatric setting, with normalization at 1 year being associated with favorable outcomes, (6) but these findings await prospective validation. Liver histology has been found to predict survival (7) but requires a liver biopsy, which is invasive. Given the above, the identification of adequate surrogate biomarkers in PSC is recognized to be a priority area of research.
Imaging is central to PSC diagnosis, but its potential as a surrogate and prognostic marker has been little explored. Endoscopic retrograde cholangiopancreatography (ERCP) was previously the diagnostic procedure of choice for PSC. In 1991, Majoie et al. (8) proposed an ERCP classification system for grading the severity of biliary involvement in adults with PSC based on an earlier classification developed by Chen and Goldberg. (9) Ponsioen et al. (10, 11) later validated this ERCP classification in an independent adult cohort. However, over the past decade, magnetic resonance cholangiopancreatography (MRCP) has largely supplanted ERCP as it is less invasive and free of ionizing radiation, which makes it particularly attractive for use in children. This change is clearly reflected in clinical practice guidelines. (12) However, there is a paucity of data on standardized MRCP scoring systems to predict PSC outcomes. No classification has been systematically assessed in children. Furthermore, reliability data are lacking in children and adults.
Given the above, we aimed to establish the interrater reliability of the modified Majoie classification applied to MRCP in pediatric PSC and to generate initial validation data by examining its construct validity and ability to predict clinical outcomes. We hypothesized that a sum score, incorporating intrahepatic and extrahepatic involvement, would perform best.
Patients and Methods

Design anD setting
This was a single-center, retrospective, cohort study performed at the Hospital for Sick Children (SickKids) in Toronto, Canada. The institutional review board approved the study. Patient consent was waived given the study's retrospective nature.
patient population
Children (<18 years) undergoing MRCP between January 2008 and September 2016 were identified by manually searching a diagnostic imaging database (ISYS Search Software Pty. Ltd., Lexmark International) for MRCP studies containing the keywords "primary sclerosing cholangitis" (or variations, such as "PSC"). This was cross-referenced with a retrospective database of children diagnosed with PSC between 2000 and 2018 (compiled based on pathology and hepatology clinic lists) to ensure no patients were missed. Only patients with liver biopsies supporting a diagnosis of PSC were included. (1) As is standard in pediatrics at SickKids, children with suspected PSC systematically undergo liver biopsy. This is due to the high rate (around 30%) of autoimmune sclerosing cholangitis (ASC), (2) a variant of PSC with overlapping features of autoimmune hepatitis (AIH). As has been standard in pediatric studies, these patients were eligible for inclusion. For each patient, the diagnostic MRCP (closest to diagnostic liver biopsy) was reviewed. A minimum follow-up duration of 3 months was required. MRCPs of insufficient quality to allow interpretation were excluded.
Data ColleCtion anD DeFinitions
We evaluated a modified version of the Majoie classification as operationalized by Ferrara et al. (13) in their study of MRCP for diagnosing PSC in children (Table 1) because this was the only study to date to apply a standard radiographic scoring system to MRCPs in pediatric PSC. The Majoie classification typically assigns a single overall score to the intrahepatic ducts (IHDs) and a single overall score to the extrahepatic ducts (EHDs). However, to promote greater consistency, we individually scored each of the liver segments according to Couinard anatomy (leftsided segments: 1, 2, 3, 4a, 4b; right-sided segments: 5, 6, 7, 8) and the right and left IHD (all of which comprise the intrahepatic biliary tree) as well as the common hepatic duct (CHD) and common bile duct (CBD) (extrahepatic biliary tree). For segments with variable disease, the worst affected region was scored. We investigated six variations of the modified Majoie classification, as defined in Table 2 . These included: (1) IHD score, which corresponded to the worst individual intrahepatic score, (2) EHD score, which corresponded to the worst individual extrahepatic score, (3) sum IHD and EHD (sum IHD-EHD) score, (4) average IHD score, (5) average EHD score, and (6) sum average IHD-EHD score. Hepatic parenchyma abnormalities and pancreatic duct involvement were assessed as well. Each MRCP was independently visually evaluated by two senior pediatric radiology fellows (K.P., A.A.), blinded to MRCP indication and clinical information. Discrepancies between the two raters were resolved by a third blinded radiologist (M.G.) with 18 years of experience reading pediatric MRCPs. The final consensus score was used in analyses.
Pertinent clinical and laboratory data were extracted from electronic medical records using a standard case report form; extracted data included (14) Portal hypertension (PH) was defined as splenomegaly, thrombocytopenia, or a PH-related complication (ascites, esophageal varices, variceal bleed). The degree of fibrosis on diagnostic liver biopsies was categorized according to the METAVIR system (F0 [none] to F4 [cirrhosis]), as per reviewed pathology reports. Of note, it is convention at our center for pathologists to routinely report the METAVIR fibrosis stage. The primary outcome against which the predictive ability of MRCP was evaluated was PSC-related complication. PSC-related complications included ascites, endoscopically confirmed esophageal varices or variceal bleed, LT, and cholangiocarcinoma (CCA). LT served as a secondary outcome. The date of diagnostic MRCP was used as the baseline for survival analyses, except for analyses examining liver fibrosis in which case the diagnostic liver biopsy date was used as the baseline. Date of PSC diagnosis was defined as the date of diagnostic MRCP or liver biopsy (whichever occurred first). Patients were censored at last visit or transition to adult care, which occurs at age 18 years at our center.
mRCp imaging teCHniQue
All MRCP examinations were acquired on either a 1.5-Tesla (T) magnetic resonance unit (Siemens AVANTO; Siemens Medical Solutions, Erlangen, Germany) or 3.0-T magnetic resonance unit (Philips ACHIEVA; Phillips Medical Systems, Best, the Netherlands) using body and surface coils dependent on patient size (generally torso phased-array coils). The institutional MRCP protocol included the following sequences, without intravenous contrast: axial balanced steady-state free precession (bSSFP), coronal three-dimensional (3D) heavy T2-weighted turbo spin echo (TSE) MRCP and radial coronal single-shot T2 sequences, thin axial and coronal single-shot T2-weighted sequences, axial T2-weighted TSE sequence with fat suppression, and axial 3D T1-weighted gradient echo imaging without fat suppression, with an approximate scan time of 20 minutes. Two key sequences were used for analysis: (1) coronal 3D T2 TSE for qualitatively grading bile duct abnormalities and (2) axial bSSFP to define their segmental anatomy. Approximate average sample parameters for the key sequences acquired at 1.5T and 3T are as follows: 1.5T 
statistiCal metHoDs
Continuous variables were summarized with medians (interquartile range [IQR] ) and compared with the Mann-Whitney U test. Categorical variables were summarized with frequencies (proportions) and compared with the chi-square or Fisher exact test, as appropriate. Inter-rater reliability was assessed between the two raters using weighted kappas for ordinal scores (15) and intraclass correlation coefficients (ICCs; two-way mixed, agreement, single measures) for noninteger scores (Table 2) . (16) The time-dependent discriminative ability of the various MRCP scores, fibrosis, and laboratory markers was assessed using Harrell's concordance statistic (c-statistic). Survival analysis, including Kaplan-Meier curves (log-rank test) and univariate and multivariable Cox proportional hazards regression, was used to further examine the predictive ability of MRCP. The multivariable Cox model was built using the change in estimate approach; covariates resulting in a change >10% in the MRCP score-point estimate were retained. Variables were selected a priori for inclusion based on clinical relevance. The construct validity of the score with the best predictive ability was further examined by comparing scores between patients with PSC with low and high MRCP scores and determining Spearman correlations between MRCP scores, hepatic biochemistry, and fibrosis. A sensitivity analysis restricted to patients with large-duct PSC and followup duration ≥6 months was performed as well.
Significance was defined as two-sided P < 0.05. Analyses were performed with SAS University Edition (version 3.4; SAS Institute, Cary, NC) and SPSS (version 23.0; IBM Corp., Armonk, NY).
Results
patient CHaRaCteRistiCs anD CliniCal outComes
Forty-five children with PSC were included. No examination was excluded for nondiagnostic quality.
Patient characteristics and clinical outcomes are shown in the first column of Table 3 . The median age at PSC diagnosis was 13.6 (IQR, 10.3-15.2) years, 67% of patients were male, 89% had IBD (78% UC/IBD-U), 27% had ASC, and 9% had small-duct PSC. The median follow-up duration after PSC diagnosis was 3.4 (IQR, 2.4-4.4) years. Two patients had <6 months follow-up. The median interval between PSC diagnosis and the MRCP examined in this study was 35 (IQR, 0-380) days. Ten children (22%) developed a PSC-related complication at a median of 1.1 (IQR, 0.02-2.7) years, and 5 of these children (11%) progressed to LT at a median of 3.5 (IQR, 1.5-4.2) years. Complicationfree and LT-free survival at 4 years were 76% (SE, 0.07) and 86% (SE, 0.07), respectively. There was one CCA, resulting in the one death in the cohort. One child with small-duct PSC developed a PSCrelated complication, but none required LT.
mRCp sCoRes
The breakdown of the various MRCP scores is shown in the first column of Table 3 and Supporting Fig. S1 . For the IHD score, 9%, 44%, 38%, and 9% of patients had a score of 0, 1, 2 and 3, respectively, while 40%, 28%, 21%, and 12% had an EHD score of 0, 1, 2, and 3, respectively. No child had an EHD score of 4. MRCP images from 2 patients in the cohort are shown in Fig. 1 . No patient displayed pancreatic duct involvement. On MRI, periportal edema was observed in 24% of patients and imaging features of cirrhosis in 18%. While numerically more patients with UC/IBD-U (vs. those with CD or no IBD) had IHD and EHD scores ≥2 (51% vs. 30% for IHD; 36% vs. 20% for EHD), these differences were not statistically significant (P > 0.05). Similarly, while numerically more patients with UC/IBD-U had sum IHD-EHD scores ≥4 (24% vs. 10% with CD or no IBD), the difference was not statistically significant (P > 0.05). In addition, MRCP severity did not differ by hepatic lobe (IHD scores ≥2 were in 42% of left lobes vs. 33% of right lobes; P > 0.05).
ReliaBility
The weighted kappa statistics and ICCs for the various MRCP scores are shown in Table 4 . All were similar, with weighted kappas ranging from 0.78-0.81 
pReDiCtiVe aBility anD ValiDity
The c-statistics summarizing the ability of the various MRCP scores to predict progression to a PSC-related complication in a time-dependent manner are listed in Table 5 . As shown, the IHD-EHD sum score (derivation shown in Supporting Fig. S1 ) had the highest c-statistic and therefore the best discriminative ability. This was also the case for the secondary outcome of LT. Furthermore, the sum IHD-EHD score outperformed all the laboratory parameters, MRS, and fibrosis stage, except for total bilirubin, which had a similar c-statistic for the primary outcome (Table 5) . Parenchymal findings on MRI, including imaging features consistent with cirrhosis and periportal edema, had inferior predictive capacity (c-statistic, 0.75 and SE, 0.08; and c-statistic, 0.64 and SE, 0.04, respectively).
The predictive ability of the sum IHD-EHD score was further examined using a Kaplan-Meier curve ( Fig. 2A) , which depicts time to a PSC-related complication. The significant log-rank P value indicated a significant difference in risk across strata. The independent association between the sum IHD-EHD score and time to a PSC-related complication was then assessed using Cox proportional hazards regression. Sex, age, IBD, ASC, large-duct PSC, and MRS were selected for examination ) showed a significant association with the outcome. Using the change in estimate approach, a final model that included sum IHD-EHD score and MRS was constructed. The IHD-EHD sum score (but not MRS) retained its significant association with the outcomes (HR, 1.74; 95% CI, 1.14-2.64) ( Table 6 ), indicating that higher MRCP sum scores are independently associated with higher rates of progression to PSC complications. Sum IHD-EHD scores were dichotomized as ≥4 versus <4 based on visual inspection of Fig. 2A to allow comparisons between patients with PSC with high versus low MRCP severity. The fibrosis stage was higher and PSC-related complications were more frequent in patients with high versus low MRCP sum scores (Table 1 , second and third columns). In addition, there was a trend toward higher ALP in the high MRCP severity group, and the sum IHD-EHD score correlated significantly with fibrosis stage (Spearman r = 0.42; P = 0.004). The relationship between sum IHD-EHD scores and fibrosis stage is further illustrated in Supporting Fig. S2 ; higher MRCP scores were observed in patients with more advanced fibrosis (P = 0.019). MRCP sum IHD-EHD scores were significantly positively correlated with total bilirubin (Spearman r = 0.33; P = 0.03) and negatively correlated with platelets (Spearman r = −0.31; P = 0.04). We did not find a significant correlation with MRS (Spearman r = 0.18; P = 0.24). Correlations with other biochemical parameters were not significant (P > 0.05 for alanine aminotransferase [ALT], aspartate aminotransferase [AST], ALP, GGT, albumin).
A simplified version of the sum IHD-EHD score based on visual inspection of Fig. 2A was generated by collapsing the original eight levels to three levels: level 1 (scores 0-1); level 2 (scores 2-3); and level 3 (scores 4-7). The Kaplan-Meier curve for this simplified sum score is illustrated in Fig. 2B . The overall significant log-rank test indicated a significant difference in risk across strata. Using a series of pairwise comparisons, children in the highest risk group were found to have a significantly higher rate of progression to PSC-related complications than children in the lowest risk group (P < 0.001) and children in the intermediate risk group (P = 0.02). The inter-rater reliability and predictive ability of this simplified sum score were similar to those of the original sum IHD-EHD score (weighted kappa, 0.80; 95% CI, 0.67-0.94; c-statistic, 0.77 and SE 0.06, for PSC-related complication; c-statistic, 0.94 and SE 0.02, for LT).
sensitiVity analysis
Similar results were obtained in a sensitivity analysis restricted to children with large-duct PSC and followup duration ≥6 months (n = 39); the c-statistics for the sum IHD-EHD score were 0.82 (SE, 0.06) and 0.93 (SE, 0.03) for PSC-related complication and LT, respectively, and the MRCP sum score retained a significant association with time to a PSCrelated complication (HR, 1.85; 95% CI, 1.17-2.94) after controlling for MRS. In this sensitivity analysis, MRS also remained significantly associated with progression to a PSC-related complication (HR, 1.81; 95% CI, 1.03-3.19).
Discussion
While MRCP is widely used to diagnose PSC, rigorous validation data are sparse in adults and the ability of MRCP to prognosticate outcomes has not been assessed in children. Reliability data are lacking as well. Here, we assess the inter-rater reliability of the modified Majoie classification applied to MRCP in a pediatric cohort with PSC and present initial validity data, including ability to predict progression to meaningful clinical outcomes and construct validity. We examined multiple variations of the Majoie classification and found that a score derived by summing the worst affected intraheptic and extrahepatic regions performed best at predicting PSC complications and LT, supporting that a composite of intrahepatic and extrahepatic involvement outperforms either individually and that it is the worst region of disease that is most relevant for prognostic purposes. We demonstrated substantial to excellent inter-rater reliability and supported the score's construct validity by showing correlations with other relevant biomarkers and significant differences between groups with high versus low scores. A simplified three-level version of the tool (low, intermediate, high risk) performed well.
In 2002, Ponsioen et al. (10) investigated the prognostic value of the modified Majoie classification in 174 adult patients with PSC undergoing ERCP. They, too, found that the parameter that performed best for predicting outcomes (survival) was a sum score incorporating intrahepatic and extrahepatic involvement. A prognostic index that included this ERCP score and additional clinical data was constructed and subsequently validated in an external adult cohort. (11) This group observed that a sum score >4 was associated with worse outcomes, a finding that has now been replicated in our pediatric cohort. Comparable MRCP data are sparse. Two small retrospective studies have attempted to correlate MRCP severity with outcomes. Petrovic et al. (17) found no significant association between MRPC severity and the MRS in 47 adult patients with PSC. However, this was a cross-sectional analysis. Of note, we also found no significant correlation between MRCP and MRS in a cross-sectional fashion and yet showed that both had predictive ability for progression to PSC complications in survival analysis (including independently in the sensitivity analysis). This suggests that the two (MRCP and MRS) may capture different elements of the disease that have prognostic significance and highlights that the absence of correlation between two predictive biomarkers does not exclude their independent prognostic utility. Tenca et al. (18) observed a weak correlation between extrahepatic MRCP scores and death/LT but not between intrahepatic scores and outcomes in their study of 48 adult patients with PSC. Predictive ability through c-statistics or survival analyses was not assessed. We could identify only one pediatric study that examined this MRCP score. (19) In this retrospective assessment of 39 children with PSC, intrahepatic and extrahepatic MRCP scores did not correlate with GGT or ALP in a cross-sectional fashion (this was also the case in our study). However, the predictive ability of MRCP was not examined.
The largest and most rigorous validation study of MRCP for predicting outcomes in PSC was recently undertaken by Lemoinne et al. (20) In contrast to the above studies, which examined the score validated by Ponsioen et al., (10, 11) Lemoinne et al. validated the Anali score. The Anali score was developed by Ruiz et al. in 2014. (21) The primary endpoint against which it was derived was radiologic course, categorized as worsening, improvement, or stabilization. Two scores were derived: one without gadolinium (including intrahepatic dilatation, liver dysmorphy, and portal hypertension) and one with gadolinium (dysmorphy and parenchymal enhancement heterogeneity). In the retrospective validation study by Lemoinne et al., (20) which included two 119-patient validation cohorts (internal and external), the Anali scores without and with gadolinium were found to have c-statistics of 0.89 (95% CI, 0.84-0.95) and 0.75 (95% CI, 0.64-0.87) for predicting survival without LT or cirrhosis decompensation. The score without gadolinium performed best. Similarly, our MRCP sum score was performed without gadolinium; reliability was not assessed. We opted to examine the score validated by Ponsioen et al. (10, 11) rather than the Anali score in our pediatric cohort because our goal was to examine the significance of biliary involvement for predicting outcomes, which is better captured by the former score. Validation of the Anali score in a pediatric population does, however, represent an important future endeavor.
Our study has important implications. Surrogate endpoints and prognostic markers are sorely needed to facilitate the study of PSC, particularly for therapeutic trials. Imaging has been relatively underexplored as a potential biomarker, and there is a marked paucity of data on this topic in pediatrics. While our findings require validation in a larger prospective cohort, they suggest that MRCP has prognostic significance in pediatric PSC. Potential applications might include use of MRCP as a surrogate endpoint in trials or as a parameter on which to stratify randomization. The significance of our study extends beyond the research framework to routine clinical practice. Currently, there is no standard method for reporting MRCP findings in PSC. This leads to variability in reports, which hinders communication and tracking of disease progression. The sum IHD-EHD score is reliable and easy to use as it only requires grading the worst affected intrahepatic and extrahepatic regions. Moreover, in comparison to the standard MRCP surveillance protocol for children with suspected PSC (scan time 20-30 minutes), by tailoring the MRCP protocol to the bile ducts using only a few sequences (as in our study), scan times of under 10 minutes are feasible. This could reduce the need for sedation or general anesthesia in younger patients undergoing follow-up MRCP, with the caveat that more comprehensive imaging would still be required when looking for PSC complications, such as PH.
Our study has several strengths. They include the rigorous methods employed to score MRCPs (by liver segment and by two blinded readers with disagreements resolved by a third radiologist), the assessment of reliability, the examination of construct validity, and the use of clinically relevant outcomes as endpoints.
There are limitations as well, which include the study's small size, retrospective nature (including retrospective review of liver biopsy reports), and relatively short follow-up. While we recognize that MRCP technique may vary across centers, our technical parameters were consistent with standard protocols referenced in the literature. (22, 23) In conclusion, an MRCP score derived by summing the modified Majoie classification applied to the worst affected intrahepatic and extrahepatic regions of the biliary tree is reliable in pediatric PSC and displays construct validity and prognostic ability in a small cohort. Important next steps include prospective validation in a larger external cohort with longer follow-up.
